How much does the symmetry energy affect the strangeness content of a neutron star? 
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The effect of the density dependence of the nucleonic equation of state and the hyperon meson 
couplings on the star properties, including strangeness content, mass and radius are studied within 
a relativistic mean held formalism. It is shown that it is still lacking enough information on the 
nucleonic equation of state at supra-saturation densities and on the hyperon interactions in nuclear 
matter that may allow a clear answer to the question whether the mass of the pulsar J1614-2230 
could rule out exotic degrees of freedom from the interior of compact stars. We show that some star 
properties are affected in a similar way by the density dependence of the symmetry energy and the 
hyperon content of the star. To disentangle these two effects it is essential to have a good knowledge 
of the equation of state at supra-saturation densities. 

PACS numbers: 21.65.-f 21.65.Ef 26.60.-c 97.60.Jd 



I. INTRODUCTION 

The measurement of the mass of the mili-second pulsar 
PSR J1614-2230 with high precision, M = 1.97±0.04M Q 
has given origin to a large number of studies that 
discuss whether there is room for hyperons or other ex- 
otic degrees of freedom inside this star 0-0] • In partic- 
ular microscopic calculations using the non-relativistic 
Brueckner-Hartree-Fock formalism predict a very large 
softening of the equation of state (EOS) when hyper- 
ons are taken into account, and are not even able to ac- 
count for the standard neutron star masses of the order 
~ 1.4 Mq 0. The possibility that three-body- hyperonic 
forces could solve this problem was discussed in |2[ by 
complementing the BHF calculation with a density de- 
pendent Skyrme like term based on the model [q[ which 
mimics the many-body-term. Reasonable assumptions 
seem to exclude the appearance of stars with masses 
larger than 1.6 Mq. It would be important to verify 
whether within a relativistic microscopic approach the 
same conclusions would be drawn. It is known that 
among the important effects included in the relativistic 
models, the saturation of the scalar field gives rise to ef- 
fects that can be interpreted as many-body effects and 
could give rise to the extra repulsion needed |10| . 

In Q the authors have shown that including the 
strange meson <f> was essential to get stiff enough EOS 
that could describe a star with a mass of ~ 2Mq. 
The calculation was done within a relativistic mean- 
field (RMF) approach including only non-linear er-meson 
terms. The authors have concluded that the compression 
modulus at saturation had little effect on the maximum 
mass, which, however, was very sensitive to the effective 
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mass. Similar conclusions with respect to the EOS had 
been drawn in [ll| . Within this approach a small effective 
mass at saturation requires a large sigma meson coupling 
that has to be compensated by a large nucleon-omega me- 
son coupling, giving rise to large vector contributions at 
high densities, and, therefore, a stiff EOS and large star 
masses. If, however, constraints on the EOS like the ones 
coming from the flow analysis of nuclear matter in heavy 
ion collisions [l2[ are imposed, stiff EOS at high densities 
are ruled out. The softening of the EOS at large densities 
may be achieved including a quartic term on the w-meson 
as in [l3[ or density dependent couplings as in [Til ]. 

In the present study we will analyse how the content 
of strangeness of a star is defined by the properties of 
the nucleonic EOS and the hyperon-meson couplings. In 
particular we will discuss: a) the effect of the density 
dependence of the symmetry energy, b) the effect of the 
incompressibility of the EOS at 2-3 nuclear saturation 
density, c) the joined effect of these two properties to- 
gether with the uncertainty on the hyperon couplings. 
The effect of the strange content on the maximum mass 
will be discussed. It will be shown not only that the pres- 
ence of the strange mesons a* and cf> is important to give 
rise to a hard hyperonic EOS at large densities as already 
shown in [!, [j| , but also that the density dependence of 
the EOS at 2-3 times saturation density has noticeable 
effects on the star properties. 

In order to be able to quantize the effects we take as 
reference the TM1 parametrization of relativistic mean- 
field nuclear models [l3j]. This model was fitted to the 
ground-state properties of several nuclei and to the Dirac- 
Brueckner-Hartree-Fock calculations at large densities. 
This last feature was only possible with the insertion of 
a quartic self-interaction uj term which softens the vector 
meson field at high densities. The effect of this softening 
on the hyperon content will be discussed by varying the 
strength of the quartic term. The slope of the symme- 
try energy of TM1 at saturation L = 110 MeV is too 
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high according to the present experimental constraints 
coming from different nuclear properties, lying close to 
the upper limit of isospin diffusion in heavy ion collisions 
15]. In order to test the effect of the symmetry energy 
slope we will introduce a non-linear u> — p term as in 
[16j and change the coupling so that models with equiv- 
alent isoscalar properties of TM1 but different density 
dependence of the symmetry energy will be obtained. As 
discussed in @, EMU] this term reflects itself on the star 
properties, namely giving rise smaller radii. We will show 
this effect is larger for nucleonic stars than for hyperonic 
stars and that, in fact, the presence of hyperons gives rise 
to a similar effect that masks the symmetry energy one. 

In section [II] we present the formalism used, in section 
TIT] the results are presented and discussed and finally in 
section IIVI some conclusions are drawn. 



II. FORMALISM 

To describe the hadronic matter, we employ a rela- 
tivistic mean-field (RMF) approach, in which the baryons 
interact via the exchange of mesons. The baryons con- 
sidered in this work are nucleons (n and p) and hyperons 
(A, S, and 5). The exchanged mesons include scalar and 
vector mesons (o and w), isovector meson (p), and two 
additional hidden-strangeness mesons (a* and (j>). The 
Lagrangian density includes several non-linear terms in 
order to describe adequately the saturation properties of 
nuclear matter. For neutron star matter consisting of 
neutral mixture of baryons and leptons in /3-equilibrium, 
we start from the effective Lagrangian density of the non- 
linear Walecka model (NLWM) fia ] 



-NLWM 



/ , * n L I ft" B 
B 

+ y^tpl [il^ - mi] ipi 
i 

+ \ {d^a - mla 2 ) - ±ka 3 - ±\a 



4! 



2 

+ A w (sXw") 0?pV^) 
1 



r layoff* -ml. a* 2 



2 ^ 
1 

2 ? 



(1) 



where D B 



guB^ - g^B^ - gpBTB-W and 
m B = tub — g^B® — 9<t' b<J* is the baryon effective mass. 
^ b and tpi are the baryon and lepton Dirac fields, respec- 
tively, and a, w, and p represent the scalar, vector, and 
vector-isovector meson fields, which describe the nuclear 
interaction. The coupling constants of mesons i — a, uj, p 
with baryon B are denoted by gi t s where the index B 
runs over the eight lightest baryons n, p, A, E - , E°, £ + , 
5~ and 3 , and the sum on / is over electrons and muons 



(e~ and p~). The baryon mass and the lepton mass are 
denoted by tub and mi, respectively. The constants k 
and A are the weights of the scalar self-interaction terms 
and tb is the isospin operator. The mesonic field tensors 
are given by their usual expressions: f2 M „ = d^uj^ — dnUi^, 



Buu = dj) v - d^bu,, and 
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In the RMF model, the meson fields are treated as clas- 
sical fields, and the field operators are replaced by their 
expectation values. Applying the Euler-Lagrange equa- 
tions to Eq.([T|) and using the mean- field approximation, 
we obtain the following meson field equations of motion 
as following, with giB = Xisgi, 
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We see that the non-linear oj and p terms give rise to ef- 
fective masses for the u> and p mesons that increase with 
density, giving rise to a softening of the vector fields at 
large densities. In this work, we employ the TM1 pa- 
rameter set of the RMF model. The meson-hyperon and 
the strange meson-hyperon coupling constants g^u, gpH, 
g a *H, and g^n are determined by using SU(6) symmetry 
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where N means nucleon {giN = <?«)• The scalar coupling 
constants are chosen to give reasonable potentials. The 
coupling constants g a H of the hyperons with the scalar 
meson a are adjusted to the potential depths felt by 
a hyperon H in symmetric nuclear matter at saturation 
following the relation 
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TABLE I: Coupling constants and masses for the TM1 and 
TM1-2 models which have the same saturation properties: 
satruation density po = 0.145 fm~ 3 , binding energy E/A = 
— 16.30 MeV, symmetry energy J = 36.93 MeV, incompress- 
ibility K = 281.28 MeV, effective mass M* /M = 0.63. 
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t 




(fm) 2 


(fm) 2 


(fm) 2 








TM1 


15.0125 


10.1187 


5.6434 


3.0655 


2.7333 


0.06 


TM1-2 


14.9065 


9.9356 


5.6434 


3.5351 


-47.8812 


0.04 



with x it H = 9i,H/9%, = 9u^o and V a = g a <7 are 
the nuclear potentials for symmetric nuclear matter at 

-30, 0, 30 MeV, and for Ug 
we will use different values —18, 0, and 18 MeV. For 
the a* meson we consider a weak YY coupling and take 



saturation density. For the present work we will fix Uj^ = 



-28 MeV, and use Ug 



Ui 



-5 MeV. together with 2g a 



All hyperon coupling ratios {9aH,9uH,9 P H} H=A ^ s are 
determined once the coupling constants {g„, g u , g p } of 
the nucleon sector are given. The hyperons masses are 
taken to be m A = 1116 MeV, m s+ = 1189 MeV, m E o = 
1193 MeV, m s - = 1197 MeV and m H o = 1315 MeV, 
m s - = 1321 MeV, while the strange meson masses are 
m CT « = 980 MeV and to = 1020 MeV. 

For neutron star matter consisting of a neutral mix- 
ture of baryons and leptons, the /3 equilibrium condition 
without neutrino trapping are given by 
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where pa is the chemical potential of species i. The chem- 
ical potentials of baryons and leptons are given by 
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and the charge neutrality condition is written by 
Pp + Ps+ = Pe+ P P + Ps- + Ps- , 



(13) 



(14) 



where pi = (k F ) / (37r 2 ) is the number density of species 
i. We solve the coupled equations self-consistently at a 
given baryon density pb = Pn + p P + PA + Ps+ + Pt,° + 
p s - + p-£0 + p s - Through the energy-momentum tensor, 
we obtain the total energy density and the pressure of 
the neutron star matter 
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III. RESULTS AND DISCUSSIONS 
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In order to better understand the effect of the symme- 
try energy and the incompressibility of the EOS at high 
densities together with the uncertainty on the hyperon 
interaction on the strangeness content, the mass and ra- 
dius of the stars, we consider the the parametrization 
TM1, a parametrization that satisfies the heavy-ion flow 
constraints for symmetric matter at 2-3po [HI; see Fig. 
Q] We will also consider two variations of TM1: a) we will 
consider the EOS of TM1 with a smaller quartic omega 
term, but with the same properties at saturation. We 
designate this parametrization as TM1-2, and, as shown 
in Fig.[TJ it is stiffer than TM1 at supra-saturation densi- 
ties but still within the constraints imposed by heavy ion 
flow [13] ; b) the symmetry energy slope of TM1 at satu- 
ration density is L = 110 MeV, a value which is presently 
considered too high (see [HI, [l!|)> and, therefore, we 
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FIG. 1: EOS for TM1, TM1-2 and FSU [2J above saturation 
density. The shaded region represents constraints imposed by 
heavy ion flow [T^] ■ 
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also take a second parametrization changing the isovector 
channel of TM1 by including a non-linear ujp term and 
making the symmetry energy slope softer at suprasatu- 
ration densities and choosing L = 55 McV (A„ = 0.03). 
Using these three nucleonic EoS we will test different hy- 
peron interactions in nuclear matter. 

For the hyperon potentials in symmetric nuclear mat- 
ter at saturation we take U£ = -28 MeV, Ug = 30 MeV 
and US = ±18 MeV. The two values of Ug take into ac- 
count some uncertainty on the experimental data on this 
potential [20j. Finally, we also consider the inclusion of 
the strange mesons <r*, <p. According to recent experi- 
mental A — A-hypernuclear data, the A — A interaction 
is only weakly attractive [2l|. The effect of the small 
attractiveness of the hyperon-hyperon coupling will be 
considered by choosing a) a weak g^H coupling; b) the 
extreme value g a *H = 0. 
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FIG. 2: Pressure versus energy density (top) and strangeness 
fraction versus baryonic density (bottom) for TM1 model, 
for different values of U£ (-18 MeV green curves and +18 
MeV black curves) and the A„ coupling (0 corresponding to 
L = 110 MeV thin curves and 0.03 for L = 55 MeV thick 
lines). The dots identify the maximum mass configuration. 
The dotted curves correspond to smaller quartic omega term. 

In Fig. [21 top panel, the EOS for the different choices of 
the nucleonic and hyperonic parametrizations are shown. 
The full dots indicate the central density of the most 



massive stable stars within each parametrization. We do 
not include the EOS without hyperons in the figure in 
order not to burden it, but, as shown in Fig. 7 of [23[ 
it corresponds to the hardest EOS and gives rise to a 
maximum star mass of 2.18M Q for L = 110 MeV and 
2.13M Q if L = 55 MeV (see Table HU). The full lines de- 
scribe the EOS without the strange mesons and these 
are the softer EOS. In this case the difference between 
the L = 55 MeV (thick lines) and L — 110 MeV (thin 
lines) is the largest. This is also the situation when the 
S potential has the largest effect. The strangeness con- 
tent corresponding to these EOS, see bottom panel of 
Fig. [51 explains the differences: the onset of strangeness 
occurs at lower densities for L = 110 MeV and increases 
faster. A more attractive S potential also gives rise to 
larger strangeness fractions. An interesting effect is that 
although having a softer EOS, stars whose strangeness 
fraction increase faster with density have lower central 
densities, as if the star does not support more than a 
given strangeness content. 

As already discussed in 0, [l?} > a smaller slope L im- 
plies a softer increase of the strangeness fraction with 
density. However, because the central density of these 
stars is larger, it is important to study the total hyperon 
content of the star. This will be done by calculating for 
each star the total strangeness number 

r R o r 2 

N s = 4ir - Hs =dr, 

Jo V 1 - 2m(r)/r 

where m(r) is the mass inside the radius r. 

Including strange mesons washes out the effect of the 
symmetry energy and of the S optical potential on the 
EOS, mainly if only the <f> meson, and only extra repul- 
sion between hyperons is included (dash-dotted lines). 

Taking the nucleonicTMl-2 EOS, a stiffer EOS at large 
densities (dotted lines) the EOS remains always stiffer 
than TM1 although having a larger strangeness content. 

We have seen that the symmetry energy affects the 
onset of hyperons, namely postponing to larger densities 
the onset of hyperons for smaller L values. In Fig. [3] it is 
shown that the different hyperons are affected in a differ- 
ent way by the symmetry energy. In this figure we plot as 
a function of the coupling A u , A w = (0.03) corresponds 
to 110 (55) MeV, the onset of the A, XT and S~. It is 
seen that the onset of E~ always decreases with the de- 
crease of L, due to its larger isospin. On the other hand, 
the onset of A occurs at larger densities. The S~ never 
is the first hyperon to appear due to its large mass, but, 
according to the attractiveness of its potential in nuclear 
matter, it can appear as the second hyperon. If the re- 
pulsiveness of the E _ in nuclear matter is confirmed we 
may expect that the A is the first hyperon to set on and 
therefore, with a smaller slope L the onset of strangeness 
occurs at larger densities. However, if the optical poten- 
tial of the £~ in nuclear matter is only slightly repulsive 
there may be a competition between the onset of A and 
S _ depending on the L, with smaller values of L favour- 
ing the E _ hyperon (see top figure of the right column). 
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FIG. 3: Onset of the A, the E~, and the S~ hyperons as 
a function of the parameter A w and with = — 28 and 
several values of Ug and U-S in symmetric nuclear matter at 
saturation. The limiting values of A^ correspond to 110 MeV 
(0) and 55 MeV (0.03). The pair of values given in each graph 
refers to (Ug, Ug). 
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FIG. 4: Electrons fraction Y e — p e /po as function of the ra- 
tio p/po for TM1 model and different values of Ug and the 
Au, coupling (see caption of Fig. [3J. The dots identify the 
maximum mass configuration. 



Lepton fractions are also strongly affected by the sym- 
metry energy density dependence and the hyperon inter- 
action. From the equations of motion for the mesons, 
Eqs. © and it is seen that the non- linear u — p 
term gives rise to an effective mass for the p-meson that 
increases with density, giving rise to a weaker p-meson 
field, Eq. ([5]). An immediate consequence is a smaller 
asymmetry proton-neutron term in the total energy and 
larger allowed differences between neutrons and protons. 
Smaller proton fractions give rise to smaller electron frac- 
tions for smaller slopes L, as is clearly seen in Fig. 2) In- 
cluding hyperons will further reduce the electron fraction 
mainly if the hyperon couplings favor the appearance of 
negatively charged hyperons. This explains the difference 
between the green curves with Uff — — 18 MeV which fa- 



vors the onset of S~, with respect to the black curves. 
The onset of neutrally charged hyperons also reduce the 
electron fraction although not so strongly. For L = 110 
MeV the electron fraction at the center of the star can go 
from 0.04 to 0.1 depending on the hyperon interaction. 
This uncertainty reduces to a fraction between 0.01 and 
0.03 for L = 55 MeV. Smaller electron fractions are gen- 
erally connected to larger neutrino fractions in matter 
with trapped neutrinos and therefore, the cooling in the 
early seconds of a proton-neutron star will be strongly 
affected by the slope L. 
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FIG. 5: Gravitational mass versus the radius (top panel) and 
strangeness number over the total baryonic number versus 
gravitational mass (bottom panel) for TM1, and different val- 
ues of ll£ and the A u coupling. 

By solving the Tolman-Oppenheimer-Volkoff equa- 
tions [24|, resulting from Einsteins general relativity 
equations for spherically symmetric and static stars, the 
neutron star profiles are obtained from the EOS stud- 
ied, for severals values of U~ and the A w coupling. We 
now analyse the gravitational mass/radius curves of the 
families of stars described by the above EOS and their 
strangeness content (Fig. [5] and Table |TT| . In the bottom 
panel of the Fig. [5] we plot, as a function of the gravi- 
tational mass, the total strangeness number of the star 
over the total baryonic number, which measures the total 
strangeness content of the star. The strangeness degree of 
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freedom is only present in stars with gravitational masses 
above 1.5 Mq. 

Some conclusions may be drawn with respect to the 
strangeness content: a) if the strange mesons are not in- 
cluded, we get the smallest masses, and they are smaller 
for the larger L value (see Table |TT] and red, green sym- 
bols in Fig. Hk)). A faster increase of the strangeness 
content seems to be the reason for this behaviour. For 
TM1 (closed symbols in Fig. [6]) this difference is of the 
order of 0.01M Q but if we take the harder EOS, TM1-2 
(open symbols), the difference increases to 0.03M Q , (see 
the open square and open triangle with smaller masses 
in Fig. [5^,). For a larger L, the strangeness is gener- 
ally larger [Fig. [SJi)] and the central density is smaller 
[Fig. Ek)]. The difference on the strangeness content de- 
pends on the hyperon interaction, and, in particular, in 
the S potential in the present study, varying from ~ 0% 
to 20% larger if L = 110 MeV; b) including the strange 
mesons gives rise to more massive stars which may have 
larger strangeness contents. In this case the strangeness 
content is always smaller for a smaller slope L, and its 
maximum value is of the order 0.04-0.05 according to the 
hyperon interaction if L = 55 MeV. The upper limit can 
go to 0.07-0.08 if L = 110 MeV, Fig. Hi). We should, 
however, point out that comparing stars with the same 
mass the strangeness content may be very different, and, 
for instance, a 1.7 Mq may have a strangeness fraction 
that goes from 0.005 to 0.03, the largest fraction occur- 
ring for the EOS with the largest L. 

From Fig. [5] , we also conclude that a softer symmetry 
energy gives rise to maximum mass stars with a larger 
baryonic mass, smaller radius, smaller hyperon content 
and larger central densities. However, the presence of 
hyperons also give rise to some of these effects. 

In [It], HH it was shown that a smaller L makes the 
nucleonic EoS softer giving rise to less massive stars 
with smaller radius, with a radius that varies approxi- 
mately linearly with L. The inclusion of hyperons soft- 
ens the EoS but if the strange mesons are included the 
central densities attained in a hyperonic star may be as 
large as the ones in a nucleonic star, and, although the 
strangeness fraction as a function of density is smaller, 
the total strangeness content in the star will be larger 
than when only non-strange mesons are included. When 
hyperonic degrees of freedom are included the radius of 
the star decreases. An extra decrease of the radius oc- 
curs when a smaller L is considered, however, this effect 
is not so strong as in nucleonic stars. 

An attractive or repulsive optical potential of the hy- 
perons, in the present study U£ , clearly affects the frac- 
tion of strangeness as a function of density. A large frac- 
tion of strangeness at smaller densities makes the EoS 
too soft and smaller maximum masses and central densi- 
ties are obtained. This effect almost disappears if strange 
mesons are included. 

At a given density the fraction of strangeness is smaller 
for a softer symmetry energy. As a result, although the 
initial nucleonic EoS is softer, if hyperons are included 



the EOS becomes harder and larger densities are attained 
at the center of the star. Therefore, the maximum mass 
configuration of a star with a softer symmetry energy 
may be slightly larger, e.g. 1.76 Mq instead of 1.75 Mq 
for US = 18 MeV or 1.69 M instead of 1.68 M for 
US = — 18 MeV. This effect was also observed in the 
calculation with the QMC model. This is not anymore 
true when the strange meson is included because it brings 
extra repulsion to the EOS. Therefore, an EOS with a 
larger strangeness content may become harder. 

In this schematic study the largest mass obtained for 
hyperonic stars is 1.96 Mq, compatible with the mass of 
the the pulsar PSR J16142230, 1.97 ±0.04 M . How- 
ever, there are still many uncertainties on the hyperon 
interaction in nuclear matter and the EOS of nucleonic 
matter at supra-saturation densities. It is, therefore, not 
possible to take conclusive conclusions with respect to 
the possible existence of hyperons inside compact stars, 
except that it seems important to include extra repulsion 
between hyperons at high densities through the inclusion 
of strange mesons, as was proposed in 



IV. CONCLUSION 

The density dependence of the EOS and the hyperon 
couplings have both a strong effect on the mass and ra- 
dius of the star. We have tested different hyperon-meson 
parametrizations, using information from hypernuclei to 
fix the couplings, and different nucleonic properties at 
supra-saturation density within the limits of experimen- 
tal constraints, namely the density dependence of the 
symmetry energy and the incompressibility at large den- 
sities. 

The nucleonic EOS used test different density depen- 
dences of both the isoscalar and isovector channels of the 
EOS. We have used an EOS with a quite high incom- 
pressibility at saturation, K = 281 MeV, but, due the 
non-linear quartic term in the vector meson introduced, 
that softens at supra-saturation densities reproducing 
results from Dirac-Brueckner-Hartree-Fock calculations 
[l3j , and satisfying the constraints imposed by heavy ion 
collisions [12| . Also the slope of the symmetry energy of 
this model at saturation is probably too high according to 
present experimental information. Therefore, we tested 
two more EOS, one with a softer symmetry energy and 
the other with a harder EOS at supra-saturation densities 
but still within the constraints of [l2| . A softer EOS at 
saturation or above saturation will not favor so much the 
onset of hyperons as the EOS we chose, therefore, smaller 
hyperon contents and larger hyperon onset densities are 
expected. However, we should point out that a softer 
EOS at saturation or just above will allow that larger 
central densities are attained in the star, and, therefore, 
it is expected that the exotic degrees like hyperons will 
be present in less massive stars. 

The present study estimates an upper limit of the 
expected hyperon content within RMF models taking 



7 



2 


M/M Sun 


a) 






A 




B 


□ 


i .y 


A 
■ 

A 


A 

A 


1.8 








■ 

A 

■ 




1.7 




■ 




L=1 10 


L=55 



2.3 



2.2 



2.1 



1.9 



M B /M Sun 


0) 








A 


k 


A 




■ 


m 






A 


i 


A 




■ 


m 


A 


A 




- 






--■ 


■ 





13 



12.5 



12 



11.5 



L=1 1 L=55 



R(km) 

e. 


c) 


A " ■ .. 




A X s . 


■ 












1 
* 


L=1 10 


L=55 



0.09 
0.08 
0.07 



0.04 



N S /N B 


d) 


■ 
■ 






• 

■ 

1 


A 


A 
A 


■ 


■ 

A 


L=110 


L=55 



0.95 

0.9 
0.85 : 

0.8 
0.75 - 

0.7 
0.65 - 



Pc ( fm "' 



e) 



L=110 



L=55 



FIG. 6: Properties of maximum mass stars obtained with L = 55 and 110 MeV, for TM1 (closed symbols) amd TM1-2 (open 
symbols), Us = +18 MeV (green for np, pink for npY) and -18 MeV (red for np, blue for npY): gravitational mass, baryonic 
mass, star radius, strangeness content and central density 



into account the existing experimental constraints from 
heavy- ion collisions [l2j . 

The effect of the density dependence of the symmetry 
energy on low mass neutron stars, M < 1AM@, with 
no hyperon content, has been discussed within the RMF 
formalism in (l8| . In the present study, we focus on hy- 
peronic stars. For the nucleonic EOS used, the hyperon 
degrees of freedom are present only for densities above 
2.2 to 2.5 po; and inside stars with a mass lar ger than 1.5 
Mq. However, using a softer EOS like FSU [22|], hyper- 
onic stars have a mass above 1.2 Mq. Since the EOS is 
softer, matter is more easily compressed and exotic de- 
grees of freedom occur in less massive stars. In this case 
the strangeness content in the most favorable conditions 
does not exceed 0.035 of the total baryonic number in a 
maximum mass configuration with M = 1.52 Mq. 

We conclude that a softer symmetry energy gives rise 
to smaller stars, smaller strangeness content, larger bary- 
onic maximum masses and larger central densities. How- 
ever, the symmetry energy slope L has a stronger effect 
on the radius of nucleonic stars than hyperonic stars, and, 
in fact, nucleonic stars with a small L may have a radius 
as small as a hyperonic star with a large L. 

It was shown that a softer symmetry energy corre- 
sponds to a slower increase of the hyperon fraction with 
density @, E3- However, the onset of strangeness de- 
pends on the charge of the hyperons. Negatively charged 
hyperons set on at smaller densities while neutral hyper- 
ons appear at larger densities for smaller values of L. If 
it is confirmed that the potential of £~ is repulsive in 
symmetric nuclear matter at saturation we may expect 
that A is the hyperon that forms at lower densities, and, 
in this case, the onset of strangeness occurs at larger den- 
sities with smaller slope L. 

For a nucleonic EOS we would expect that the softer 
the EOS the larger the central densities attained and the 
radius of the star. However, hyperons will affect this sim- 



ple relation and we have obtained larger central densities 
with harder EOS when no exchange of strange mesons 
or just a weakly attractive hyperon-hyperon interaction 
are considered. This is due to a slower increase of the 
hyperon content with density. 

If the a* meson is not included and a repulsive 
hyperon-hyperon interaction is considered although a 
larger L gives rise to a larger strangeness content, the 
extra repulsion between hyperons due to the presence of 
the ^-meson compensates for the extra hyperon fraction 
and the effect of the symmetry energy is almost not seen 
on the central density of the maximum mass configura- 
tion. Using a harder EOS such as TM1-2 a larger hyperon 
fraction is obtained for a given density. Due to the extra 
hardness and the repulsive effect of the <f) meson, mat- 
ter is less compressible and stars with larger strangeness 
content are more massive. 

The identified uncertainties will certainly affect the ap- 
pearance of other degrees of freedom, namely quark de- 
grees of freedom, and we should expect a transition to a 
deconfined phase at lower densities for a harder hadronic 
EOS. The effect of the hyperom couplings and density 
dependence of the EOS on the metastablility of hyper- 
onic matter to the conversion to quark stars [25| should 
be investigated. 

We have seen that the hyperon interaction affects 
strongly the strangeness content of the star. When de- 
scribing the deconfincmcnt phase transition within the 
NJL model, this transition is generally giving rise to 
a decrease of the strangeness fraction [2a |. Since the 
strong force is the responsible for the deconfinement, 
strangeness is preserved during the phase transition. It 
is then the weak force that defines a smaller strangeness 
fraction in the quark phase described by the NJL model. 
It may be questioned whether this is a reasonable ef- 
fect. Imposing that the deconfinement does not affect 
the strangeness content might impose restriction at on 
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TABLE II: Properties of maximum mass stars obtained with the TM1 TM1-2 and FSU nucleonic EOS and with the 
corresponding hyperonic EOS with Ui = -28 MeV and U£ = 30 MeV and different values of Ug . 
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0.03 
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both the hyperonic and quark EOS. 

There is still lacking a lot of information about the 
nucleonic EOS at supra-saturation densities as well as 
on the hyperon interactions in nuclear matter that may 
allow a clear answer to the question whether the mass 
of the pulsar J1614-2230 could rule out exotic degrees of 
freedom from the interior of compact stars. We also con- 



clude that some star properties are affected in a similar 
way by the density dependence of the symmetry energy 
and the hyperon content of the star. To disentangle these 
two effects it is essential to have a good knowledge of the 
EOS at supra-saturation densities. 
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